High levels of fatty acid synthase (FAS) expression have been reported in hormone receptor-positive tumors, including prostate, breast, and ovarian cancers, and its inhibition reduces tumor growth in vitro and in vivo. Similar to other hormone receptor-positive tumor types, meningiomas are progesterone receptor-and estrogen receptor-immunoreactive brain tumors. To define the role of FAS in human meningioma growth control, we first analyzed the FAS expression using a tissue microarray containing 38 meningiomas and showed increased FAS expression in 70% of atypical WHO grade II and anaplastic WHO grade III meningiomas compared with 10% of benign WHO grade I tumors. We next confirmed this finding by real-time PCR and Western blotting. Second, we demonstrated that treatment with the FAS inhibitor, cerulenin (Cer), significantly decreased meningioma cell survival in vitro. Third, we showed that Cer treatment reduced FAS expression by modulating Akt phosphorylation (activation). Fourth, we demonstrated that Cer treatment of mice bearing meningioma xenografts resulted in significantly reduced tumor volumes associated with increased meningioma cell death. Collectively, our data suggest that the increased FAS expression in human meningiomas represents a novel therapeutic target for the treatment of unresectable or malignant meningioma.
M eningiomas are among the most frequent tumors of the brain and spinal cord, accounting for 15%-20% of all central nervous system tumors. 1 While the vast majority of meningiomas are benign World Health Organization (WHO) grade I tumors, atypical WHO grade II and anaplastic WHO grade III meningiomas with aggressive clinical behavior and substantially reduced survival rates occur in about 15%-20% and 1% -2%, respectively. 1 Treatment options for WHO grade II and III meningiomas are limited, and few biologically based targets exist for these tumors.
Previous genetic studies have identified several genes associated with meningioma pathogenesis, such as losses of heterozygosity at chromosome 22q, 1p, 14q, 6q, and 10. 2, 3 Additionally, atypical or anaplastic meningiomas harbor changes involving the CDKN2A, p14, and CDKN2B tumor suppressor genes. 4 While these genes provide important insights into meningioma formation and progression, they have not resulted in the discovery of new targets for meningioma therapy.
Meningiomas express female hormone receptors, including progesterone receptors (PR) and estrogen receptors (ER). 5 There is also a clear female predilection in meningiomas, and an association with breast cancer has been reported. 6 Previous studies have shown that PR expression in meningioma is inversely related to the malignancy grade. 7 This finding has suggested that hormonal therapy might have a role in the treatment of these tumors; however, several studies have revealed antiestrogen therapy not to be effective. † Both authors contributed equally to the work.
Recently, fatty acid synthase (FAS) inhibitors have been employed for the treatment of hormone receptor-positive tumors (reviewed in ref. 8) . FAS is a multifunctional enzyme that catalyzes the synthesis of long-chain fatty acids from malonyl-CoA, an intermediate derived from the carboxylation of acetyl-CoA. In humans, FAS is highly expressed in hormone-sensitive cells and is regulated both by oestradiol and progesterone. 9 FAS has been shown to be upregulated in many human tumors (reviewed in ref. 10) . Recently, FAS has been proposed to be effective against glioblastoma cells, opening the possibility to treat intracranial tumors by FAS inhibitors. 11 To examine the role of FAS in meningioma growth, we demonstrate for the first time that human meningiomas express high levels of FAS. We also show that FAS expression is regulated by Akt pathway activity. Moreover, we demonstrate that the natural FAS inhibitor, cerulenin (Cer), effectively reduces the meningioma growth by inducing apoptosis in vitro and in vivo. These data suggest that FAS inhibition may represent an additional option for the treatment of unresectable or aggressive meningioma.
Materials and Methods

Tumor Material
Paraffin-embedded biopsy samples from a total of 38 meningiomas of different histological subtypes and grades of malignancy (20 WHO grade I including 10 tumors of meningothelial, 4 of fibrous, and 6 of transitional subtype, respectively; 11 atypical meningiomas WHO grade II, 7 anaplastic meningiomas WHO grade III including one rhabdoid meningioma) were used for the generation of the tissue microarray (TMA). All meningiomas were graded according to the current 2007 WHO classification of brain tumors.
1 Additional snap-frozen tumor material stored at 2808C was available from 11 cases for PCR and Western blot studies.
Immunohistochemistry
Immunohistochemical detection of FAS in paraffinembedded tumor tissue was performed using standard procedures as described previously in detail.
12 FAS immunostaining was performed using an anti-FAS antibody from BD Biosciences (1:50), as previously reported. 13 Negative controls comprised omission of the primary antibody and its substitution with an irrelevant mouse monoclonal antibody (data not shown). In order to assess the intensity of immunoexpression, FAS expression was graded semiquantitatively as follows: 2, no expression; þ, weak patchy expression; þþ, focal strong expression; þþþ, strong expression in more than 50% of tumor tissue. Expression of cleavedcaspase 3 using an antibody suitable for detection of apoptosis using paraffin-embedded tissue (Cell Signaling, 1:200), as well as apoptosis detection by TUNEL staining as described recently 12 was evaluated by counting 10 randomly selected high-power fields (Â400) in vital tumor tissue of both Cer and C75-treated xenografts.
Cell Culture and Inhibitors
The cell lines HBL52 (Cell lines service) and Ben-Men-1 (essentially characterized in 14 ) were both derived from benign meningiomas WHO grade I. The meningioma cell lines F5 and SF3061 (both characterized in 15 ) were derived from malignant meningiomas, the same as for IOMM-Lee 16 and KT21MG1. 17 Cells were maintained in Dulbecco's modified Eagle medium (PAA, Linz) with 4.5 g/l glucose supplemented with 10% fetal calf serum, L-glutamine (2 mM), and penicillin (50 IU/mL) at 378C in 5% CO 2 . Wortmannin, PD98059, and Cer were obtained from Sigma, C75 was from Alexis Biochemicals, LY294002 was from Alomone Labs, and insulin was from Aventis. Cer (in ethanol) and C75 (in DMSO) were added to the cultures 24 hours before cell harvesting to give a final concentration of 1, 5, and 10 mg/mL, respectively. For insulin stimulation, cells were grown serum-starved 24 hours before treatment. Insulin was then added to a final concentration of 100, 200, 400, and 800 nM. For Wortmannin, PD98059, and LY294002 treatment, cells were first grown serumstarved for 24 hours, then insulin was added to a final concentration of 400 nM for an additional 24 hours. Inhibitors were then added to a final concentration of 10, 20, and 30 mM, respectively.
Real-Time PCR Measurement of mRNA Levels
Total RNA from frozen tissue and from cell pellets was extracted using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions and eluted in 30 ml RNase-free water. RNA concentration was determined at A 260 and adjusted to 1 mg/10 ml for Reverse Transcription (Reverse Transcription System, Promega). FAS expression levels were analyzed by realtime PCR on the realplex light cycler system (Eppendorf) using the DNA Master SYBR Green I Kit (Roche Applied Science) in at least 3 independent experiments. The sequences of the primers were as follows:
0 -GAAGGGGTTTCACCATCC-3 0 . The C t values were normalized to the house keeping gene beta-actin (sense 5 0 -ACCACCCCAGCCATGTACG-3 0 ; antisense 5 0 -ATGTCACGCACGATTTCCC-3 0 ). Cycling conditions were as follows: 10 minutes initializing denaturation, followed by 40 cycles of 958C for 20 seconds, 558C for 20 seconds (588C for ESR1 and PR), and 728C for 30 seconds. The specificity of the PCR products was controlled by melting-curve analysis.
Western Blot Analyses
Fresh samples from surgically removed meningiomas were snap-frozen in liquid nitrogen and stored at 2808C. The tissue was homogenized in 300 ml lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 2.5 mM sodium-pyrophosphate, 1% Triton-X100, 1 mM sodium-orthovanadate, 1 mM PMSF, 1 mg/mL leupeptin, and 10 mg/mL aprotinin), incubated on ice for 30 minutes and centrifuged (48C, 14000 rpm) for 15 minutes. The supernatant was collected and total protein content measured at 595 nm using the Bradford protein assay (BioRad). Cells were harvested and resuspended in 50 ml lysis buffer (see above). For protein level detection, 20 mg protein per sample were loaded on a 8% SDS polyacrylamide gel for electrophoresis. Proteins were transferred to a nitrocellulose membrane at 500 mA for 1 hour. Western blot analysis was done after blocking the membrane with 5% low fat milk in TBS þ 0.1% Tween20 for 1 hour. The membrane was incubated with the specific antibody at 48C overnight. The following antibodies were used: monoclonal antibody against human FAS (BD Biosciences), polyclonal antibodies against caspase-3, PARP, Bax, and total-Akt (Cell Signaling Technology), and polyclonal antibodies against Bcl-2, Bcl-xL, and phospho-Akt (Santa Cruz Biotechnology). Secondary antibody detection was done using HRP-linked antimouse and antirabbit IgG, respectively (GE Healthcare). After a 1 hour incubation, HRP activity was visualized by applying the enhanced chemiluminescent substrate (GE Healthcare) followed by exposuring the membrane to the LAS 3000 Imager (Fuji, Stamford). Equal protein loading was confirmed by reprobing the membranes with antiactin antibody (Sigma) following membrane stripping using Restore Stripping Buffer (Pierce).
Assessment of Serum FAS Levels by ELISA
FAS serum levels of 24 patients suffering from intracranial meningiomas, malignant gliomas, or lumbar spine disc prolaps were determined by direct ELISA. Diluted serum was applied on 96-well microtiter plates in triplicate and incubated overnight at 48C. After a washing step, the wells were blocked with 5% skim milk in PBST for 1 hour and monoclonal antihuman FAS antibody was applied for 2 hours at room temperature. Secondary antibody incubation was done using an alkaline phosphatase-linked antibody and signals were detected by adding PNPP substrate (BioRad) for color development and measuring the absorbance at 450 nm after 24 hours using a KC4 Lambda ELISA reader (MWG Biotech). For controls, every third well per serum was incubated without primary antibody and the absorbance was subtracted as background.
Nuclear Fragmentation Assay
To visualize the nuclei of Cer-and C75-treated cells, we used the fluorescence dye Hoechst 33258 (Sigma), which specifically binds to chromatin, as previously reported. 18 In brief, after incubation with 10 mg/mL Cer and C75 or ethanol and DMSO alone for 24 hours, cells were fixed with 4% PFA for 20 minutes. Hoechst 33258 was added in a final concentration of 2 mg/mL (in PBS) and incubated for a further 20 minutes. Cells were examined by fluorescence microscopy using an Axiovert 25 (Zeiss) at 20Â and 40Â magnification and an excitation and emission of 352 nm and 461 nm, respectively. All experiments were done in triplicate.
Viability Assays
Two assays (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide (MTT) and BrdU incorporation assays) were performed. First, the MTT assay was performed following the plating of 5 Â 10 3 Ben-Men-1 or IOMM-Lee cells per well in 96-well plates. Following overnight culture, Cer and C75 were added to a final concentration of 1.5 and 10 mg/ml, respectively. Ethanol and DMSO controls were run simultaneously. Each condition was run in triplicate and in 3 independent experiments. After 24 hours of incubation, MTT was added for a further 4 hours incubation step to allow its reduction to a blue formazane dye. The cells were then lysed by adding 100 ml color development solution (isopropanol with 0.04 N HCl) per well, and after 30 minutes incubation at 378C, absorbance at 570 nm (reference wavelength 630 nm) was measured using a FluoroStar microplate reader (BMG).
Second, cell proliferation was also studied by BrdU incorporation. Ben-Men-1 and IOMM-Lee cells were cultured and treated as described above. After 24 hours, cells were labeled with the pyrimidine analogue BrdU for 6 hours according to the manufacturer's instructions (BrdU Cell Proliferation ELISA, Roche Applied Science). Cellular proliferation was determined by measuring luminescence using a LUMIstar galaxy microplate luminometer (BMG).
Animal Studies
Fifteen female SCID mice were purchased from Jackson Laboratories. The body weight of each mouse was monitored weakly. IOMM-Lee cells (1 Â 10 26 ) in 100 ml matrigel (BD Biosciences) were injected subcutaneously as previously reported. 16 After 2 weeks, mice were randomly divided into 3 treatment groups: Cer-treated (N ¼ 5), C75-treated (N ¼ 5), and control mice, respectively. Cer was injected daily over 7 days at a dosis of 80 mg/kg intraperitoneal (i.p.) in DMSO as described in ref. 19 . C75 was applied at an initial dose of 40 mg/kg followed by a weekly dose of 30 mg/kg in RPMI medium as described in ref. 20 . Control animals received the appropriate volume of DMSO or RPMI. After a total of 4 weeks of tumor growth including 2 weeks of treatment, surviving mice were euthanized, individual tumors were weighted and then partly formalin fixed for histological and immunohistochemical studies, or snap-frozen in liquid nitrogen for subsequent Western blot studies. Organs from all animals including brain were subjected to histological investigation following formalin fixation and paraffin embedding in order to determine the side effects of treatment, as well as the presence of tumor metastases. All animal studies were performed according to animal care guidelines of the University of Jena and the Land Thueringen.
Statistical Analyses
Differences between meningioma tumor groups and treated cells were evaluated using Mann -Whitney and student's t-test, respectively. Correlation of FAS, PR, and ER mRNA levels were studied by determining Spearman's correlation coefficient. A chi-square test was applied to evaluate the expression differences in the TMA. P , 0.05 was considered statistically significant. All statistical evaluations were performed with the SPSS 13.0 software package.
Results
FAS is Highly Expressed in Aggressive Human Meningiomas
First, we determined the frequency of FAS immunoexpression using a TMA comprising a total of 38 meningiomas WHO grade I, II, and III, respectively. As shown in Fig. 1A (left), FAS expression was seen cytoplasmically in immunopositive tumors. Adjacent normal dural tissue did not show FAS immunopositivity (Fig. 1A, middle) . While in benign tumors FAS expression was generally weak to moderate with a patchy distribution of immunostaining (Fig. 1A, left) , strong and diffuse FAS expression was observed in aggressive meningiomas (Fig. 1A, right) . Moreover, semiquantitative assessment of FAS staining revealed a clearly increased frequency of FAS-immunopositive tumors among aggressive meningiomas of WHO grade II or III compared with benign WHO grade I tumors (Fig. 1B) , demonstrating increased FAS expression in aggressive meningiomas (chi-square test: P , 0.01). This finding was confirmed by real-time PCR (Fig. S1 ) and by Western blotting (Fig. 1C) .
FAS Expression in Meningiomas is Not Related to ER or PR Expression, or to FAS Serum Levels
In order to test whether FAS expression is associated with tumor levels of estrogen receptor (ER) or PR levels, mRNA levels of ER and PR from a total of 13 meningiomas were correlated with FAS mRNA levels. However, no association between FAS and ER (Pearson's r ¼ 20.02) or PR (r ¼ 20.34) levels was observed. In addition, immunohistochemical staining of TMA slides with antibodies against PR and ER did not reveal any association with FAS expression (not shown). Among the group of 9 patients who underwent neurosurgical meningioma resection, we measured the FAS serum levels preoperatively and compared the values to preoperative serum values from 5 patients with malignant gliomas and 10 patients undergoing lumbar discectomy. We found no significant differences between the groups, with the highest values in the glioma group (0.40 + 0.15), followed by the discectomy (0.33 + 0.04) and the meningioma group (0.26 + 0.06).
FAS Inhibition by Cer and C75 in Meningioma Cells
First, we analyzed the FAS expression in 6 different human meningioma lines, including 2 lines (HBL52 and Ben-Men-1) derived from benign WHO grade I tumors, which showed the presence of FAS mRNA (Fig. 1D) and protein (Fig. 1E ) in all cell lines. However, the malignant meningioma cell lines F5 and KT21 had only low FAS contents, while the Ben-Men-1 cells had surprisingly high FAS levels. This might be caused by inter-tumoral heterogeneity or by cell line senescence, for instance. However, for further functional studies and for the intention to test FAS inhibitors, we selected Ben-Men-1 and IOMM-Lee cells showing the highest FAS protein expression.
In order to explore a potential therapeutic use of FAS inhibitors for human meningioma, we next treated Ben-Men-1 and IOMM-Lee cells with 2 known FAS inhibitors, Cer and C75. As shown in Fig. 2A , both inhibitors had substantially reduced cell survival in IOMM-Lee cells, whereas Ben-Men-1 cells were less dramatically affected. This might be caused by the inherent biology of Ben-Men-1 cells derived from a benign meningioma with low proliferation activity. 14 Western blot analysis of FAS levels following C75 or Cer treatment confirmed that FAS protein expression was strongly reduced by Cer, whereas, it was less affected by C75 treatment (Fig. 2B, upper panel) . Similarly, FAS levels in Ben-Men-1 cells were less strongly reduced by Cer treatment, but no clear response was seen following C75 treatment (Fig. 2B, lower  panel) .
Next, we demonstrated that IOMM-Lee cell proliferation was significantly reduced following Cer treatment (Fig. 2C, upper panel) , while the same treatment had only limited effects in Ben-Men-1 cells (Fig. 2C, lower  panel) . In addition, compared with Cer treatment, C75 was clearly less effective at reducing meningioma cell growth. Comparable data were obtained using MTT-based assays, strengthening the finding that Cer treatment is more effective than C75 treatment in meningioma cells, and that IOMM-lee cells are more responsive to FAS inhibition (Fig. 2D, upper panel) than Ben-Men-1 cells (Fig. 2D, lower panel) .
FAS Expression is Regulated by Akt Signaling
Since human meningiomas have been shown to proliferate in response to insulin stimulation, we next studied the effect of insulin treatment on FAS expression in meningioma. Stimulation with insulin resulted in an induction of FAS expression (Ben-Men-1 data presented in Fig. 3A ; comparable results were achieved with IOMM-Lee cells). Previous studies have shown that insulin can lead to increased PI3 kinase (PI3-K) pathway activation. 21, 22 To determine whether FAS levels are regulated by PI3-K signaling, we employed 2 known inhibitors of PI3-K, wortmannin and LY294002, and showed that these inhibitors reduced the FAS expression induced by insulin in both Ben-Men-1 and IOMM-Lee cells (IOMM-Lee data presented in Fig. 3B ). No effect of Erk1/2 inhibition (PD98059) on FAS expression was observed.
Based on studies demonstrating that Cer inhibits PI3-K signaling in various cell types, we next sought to determine whether the Cer-induced reduction in meningioma cell growth reflected PI3-K-mediated inhibition of FAS expression. As shown in Fig. 3C , Cer treatment resulted in a decrease of phospho-Akt protein levels, whereas the less effective C75 inhibitor did not substantially affect phospho-Akt (activated Akt) levels. These data suggest that FAS is regulated by PI3-K signaling in meningioma cells.
Cer but Not C75 Induces Apoptosis in Meningioma Cells
To further delineate the cellular effects of FAS inhibition in meningioma cells, we examined apoptosis following the administration of FAS inhibitors. As shown in Fig. 4 , assessment of nuclear fragmentation using HOECHST 33258 staining as a marker for apoptotic cell death revealed significantly increased nuclear fragmentation after Cer treatment in Ben-Men-1 and IOMM-Lee cells. Western blot studies following Cer treatment resulted in apoptosis as demonstrated by reduced uncleaved PARP (116 kDa), the presence of PARP cleavage products (89 kDa), and a reduction in the expression of the antiapoptotic bcl-2 protein in Ben-Men-1 and IOMM-Lee cells (Fig. 4C) . While we did not detect caspase-3 cleavage products (17 kDa), the reduction of uncleaved caspase-3 and Bcl-2 following Cer treatment indicates an induction of tumor cell apoptosis. In contrast, levels of Bcl-x L and Bax appeared to be unchanged.
Cer Treatment Reduces Meningioma Tumor Growth In Vivo
In order to determine the potential in vivo efficacy of Cer and C75 for meningioma treatment, we injected IOMM-Lee cells subcutaneously into SCID mice. 16 Two weeks after tumor cell inoculation, palpable tumor masses had developed, and C75 or Cer treatment was started by intraperitoneal administration. 19, 20 Control animals received either DMSO or RPMI. In 1 animal from the C75 and Cer group, respectively, tumor formation did not occur. After a total of 4 weeks of tumor growth including 2 weeks treatment, control animals were euthanized. While all Cer-treated animals survived this 4-week period, all C75-treated animals died within the first week after onset of treatment, possibly due to the toxic side effects of the substance. Tumor preparations revealed significantly less tumor mass formation in Cer-treated animals compared with controls (Fig. 5A) . Histological analyses of the tumors showed widespread necrosis especially in Cer-treated tumors, while control tumors mostly showed a solid tumor growth with abundant mitotic activity (Fig. 5B) . TUNEL staining revealed no specific detection of apoptotic nuclei within these regions, while non-necrotic surrounding tumor tissue showed clear evidence of apoptosis by TUNEL-positive nuclei (Supplementary Material, Fig.  S2 ). Immunohistochemical analyses of FAS expression in the tumors revealed that FAS levels were reduced in Cer-and C75-treated animals, but the reduction was more pronounced in C75-treated animals (Fig. 5B,  right column) . This was confirmed by Western blot analysis (Fig. 5C) . Detection of apoptosis-related proteins in the tumor xenografts showed apoptosis induction in the Cer-and C75-treated animals compared with the control group, as indicated by reduced levels of uncleaved caspase-3, Bcl-2, and Bcl-x L (Fig. 5D) . Quantification of TUNEL-positive nuclei and cells showing cytoplasmic and perinuclear active caspase-3 staining revealed higher percentages in paraffin sections from tumor xenografts treated with Cer than tumors treated with C75, respectively (Fig. 5E) . 
Discussion
Previous reports have shown that inhibition of FAS has substantial effects on tumor growth in various types of cancers, especially tumors known to express male and female hormone receptors. Here we demonstrate that FAS expression is increased in human meningiomas, and that FAS inhibition reduces cell growth and induces apoptosis in human meningioma cells in vitro and in vivo. These data suggest that FAS inhibitors might be a treatment option for unresectable or recurrent aggressive meningiomas.
Recently there has been renewed interest in the role of lipid metabolism in human cancer. While FAS activity is very low in normal cells (liver and adipose tissue), it is well known that increased de novo fatty acid synthesis by FAS is one of the major metabolic hallmarks of cancer cells. In addition, fatty acids generated by FAS in normal tissue are derived from excessive carbohydrates and are converted to triglycerides for energy storage. In tumor cells, however, the newly synthesized fatty acids are predominantly needed for the generation of phospholipids. 23 Therefore, inhibition of this tumorspecific fatty acid synthesis may provide a reasonable approach to target human cancer. In this regard, inhibitors of FAS have been shown to significantly reduce tumor growth in human breast, colon, and prostate cancer cells. 9, 19, 20, 24 
AntiTumor Effects of Cer in Meningiomas
Cerulenin is a natural antibiotic product of the fungus Cephalosporium ceruleans. Cer binds covalently to FAS in the b-ketoacyl-synthase domain, 25 resulting in irreversible FAS inhibition. Intraperitoneal Cer treatment of nude mice with xenografts of ovarian cancer cells, 19 with the same dosing regimen used in the present study, resulted in increased animal survival. Our studies showed that Cer has both antiproliferative and cytotoxic effects on meningioma cells, as previously reported in other cell types. 24,26 -29 We also found an induction of apoptosis by Cer administration, as evidenced by PARP cleavage and depletion of Bcl-xL. 28 In our xenograft studies, we also observed an antitumor effect of Cer treatment. Western blotting analyses in cell culture systems and xenograft tumors revealed a reduction of the antiapoptotic protein Bcl2, together with PARP cleavage and reduced caspase-3.
AntiTumor Effects of C75 in Meningiomas
The second FAS inhibitor we tested was the synthetic drug C75. C75 is a more stable, slow-binding inhibitor of FAS, which shows higher in vitro growth inhibition in breast cancer cells compared with Cer. 30 C75 has been used in subsequent studies including xenograft studies, demonstrating antitumor effects without systemic toxicity except reversible body weight loss. 20, 31, 32 Alli et al. 31 also demonstrated that mammary cancer in neu-N transgenic mice treated with C75 had reduced intratumoral FAS levels. We also observed that C75 is highly effective in downregulating FAS expression in meningioma xenografts by both Western blotting and immunohistochemistry. While other studies have revealed that C75 can reduce FAS expression in a mammary cancer model, 31 the presence of lung metastasis in C75-, but not in Cer-treated animals suggests that Cer is more effective than C75 in meningioma tumors. This is also supported by the significant antiproliferative effects of Cer-treated compared with C75-treated meningioma cells. FAS has been shown to be highly active during embryogenesis and in fetal lungs, being essential for the production of lung surfactant. 33 In adult tissues, FAS expression is regulated by progesterone and estradiol. 34 While meningiomas express both PR and ER, we did not find a correlation between PR/ER expression and FAS levels. However, while clinical trials using antigestational agents have been disappointing so far, combined therapy with FAS inhibitors might offer additional options, especially after dissection of PRnegative/positive tumors. Moreover, a detailed correlation analysis of FAS levels with PR expression and NF2 deletion status could help to distinguish tumors sensitive to combined FAS/PR inhibition, because PR status has been shown to represent a clinical marker for genetic subgroups of meningioma especially regarding genes at the NF2 gene locus. 35 A loss of PR expression has been related to increased apoptosis and early recurrence. 36 Intratumoral FAS levels are strongly dependent on PI3K/Akt signaling. Sterol regulatory element binding protein-1C (SREB1C), which is the major regulator for FAS expression in normal and tumor cells, is downregulated by both PI3K/Akt and MAPK signaling. 37 In ovarian carcinoma cells, a positive feedback between AKT activation and FAS expression has been reported. 32 Furthermore, there is a positive relationship between FAS and pAkt expression in prostate tumor samples. FAS inhibition by C75 or Cer leads to downregulation of phospho-Akt in SKOV3 cells, 32 which was also observed in both meningioma cells tested. Insulin-dependent activation of the PI3K/Akt pathway is associated with tumorigenesis and apoptosis resistance. In neuroblastoma, IGF-1 mediated Akt activation correlates with poor prognosis and apoptosis resistance. 39 Together with the previous findings that aggressive meningiomas are characterized by activation of the PI3K/Akt pathway, 12 our findings of increased FAS levels in aggressive meningiomas mediated by PI3K signaling expand the knowledge about deregulated lipid metabolism in meningiomas and its role for meningioma cell proliferation and apoptosis. Moreover, the substantial antitumor activity of FAS inhibitors suggests a new treatment option in unresectable and malignant meningiomas.
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